The use of cementitious materials has been proposed in a variety of waste management systems because these materials can have a variety of desirable performance characteristics: hydraulic isolation, chemical isolation, structural stability. Cementitious barriers are commonly engineered with a goal of achieving the highest quality material possible (e.g. minimizing hydraulic conductivity, porosity, tortuosity, diffusivity). However, a single performance goal may not be optimum when practical considerations of designs and performance characteristics are considered simultaneously. In addition, laboratory-scale optimized designs may have field-scale characteristics that are less than ideal.
surrounding a waste matrix. Performance assessment models may also use simplified representations of more complex process models through a process called abstraction. Abstraction is used for a variety of reasons including but not limited to the following: 1) to promote understanding, 2) to lessen computational burden, and 3) to facilitate model development. The goal of abstraction is to preserve the essential model responses with less detailed representations. The simulation model developed for this evaluation uses simplified and abstracted submodels. Figure 1 is a representation of the systems considered in this evaluation. A buried near-surface concrete vault is analyzed, with and without a cementitious wasteform contained within the vault. The vault is located in the unsaturated zone and above an underlying aquifer. The vault is 200 m long by 60 m wide by 8 m high. The vault walls are 0.3 m thick and the floor and roof are 0.45 m thick. The vault is assumed to be constructed of reinforced concrete using ordinary Portland cement (OPC). In the first case, the wasteform binder is represented by a tertiary blend of cement, fly ash, and blast furnace slag. The radioactivity is contained within the wasteform. In the second case, the same amount of activity is assumed to be contained within the vault as in the first case, but the activity is evenly distributed over the volume of the vault in a matrix with very limited performance capabilities. The wasteform is assumed to contain 600 Ci of 99 Tc and 4 Ci of 226 Ra. These radionuclides were selected to demonstrate the impacts of a relatively soluble and mobile radionuclide that can be significantly impacted by redox conditions in the wasteform ( 99 Tc) and a moderately soluble and moderately mobile radionuclide ( 226 Ra) that isn't expected to be significantly impacted by redox condition.
I SYSTEM DESCRIPTION

II MODEL DESCRIPTION
The model was developed with the software package GoldSim 1 [1] . The GoldSim software package is a visual model building platform for performing dynamic, probabilistic simulations. GoldSim provides a Radionuclide Transport module, which has built-in elements that can simulate radioactive decay and ingrowth, advection, dispersion, adsorption, diffusion, and matrix diffusion for fractured flow. The model used in this analysis is composed of more than 2,600 GoldSim elements and contains abstracted submodels for key processes. Parameter and model uncertainty are included in the analysis through the use of more than 300 stochastic parameters (i.e. probability distribution functions), though many of them are replicated to perform similar but not identical tasks. There are approximately 50 stochastic parameters that are important for a calculation for a specific radionuclide. The focus of this paper is on cementitious materials, and thus the model description emphasizes the source term and near field release components. Process simulation capability of the model includes (not all processes were simulated in each scenario or case evaluated):
• Infiltration of water to the vaults (including modification to the infiltration rate from an engineered cap), • Radioactive decay and ingrowth, sorption, solubility limits, advection, dispersion, and diffusion through and between the wasteform (as applicable), vault walls, surrounding soils, unsaturated zone, and underlying aquifer, • Fractures or shrinkage gaps between the wasteform and vault, and • Degradation, oxidation, and fracturing of the wasteform,
The source term and near-field release submodels represent infiltration, cap degradation, source oxidation and degradation, and radionuclide transport through the unsaturated zone. Advective flow is modeled as vertical flow through the waste while both vertical and lateral diffusive fluxes are modeled. Diffusive areas between regions are modified based on the estimated volumetric water content of each region. Radionuclides are partitioned between the solid phases (e.g., wasteform, vault, soil) and the pore fluids using a distribution coefficient approach. Solubility limits are applied to the pore fluids, and different solubility limits can be applied to different regions of the model to simulate different chemical environments. For example, the pore fluid in the wasteform is expected to be highly alkaline, whereas the groundwater in the saturated zone is more neutral even when modified by fluids released from the facility.
The cementitious wasteform is assumed to contain blast furnace slag to create reducing conditions in the wasteform. Reducing conditions are beneficial primarily because reduced forms of technetium typically does not predict the amount of cracking that will occur in the waste form. Instead, the potentially complex pattern of cracking in the wasteform is represented in the model as a series of planar cracks through the waste [ Figure 1 , item (3)]. The spacing of the cracks is represented with a stochastic variable that the user controls to represent different degrees of fracturing of the waste. In the model, infiltrating water is routed around or through the wasteform based on the quantity of water infiltrating the top of the wasteform and the hydraulic properties of the material [ Figure 1 , item (1)]. At each fracture or exposed surface, an oxidation front OT(t) and a degradation front DT(t) are estimated to give the respective depth of penetration into the material. The oxidation and degradation fronts may propagate at different rates, resulting in different thicknesses of material that are oxidized or degraded. The rates of front propagation are estimated from empirical models [2] , [3] and were previously described [4] . The empirical models for wasteform degradation and oxidation that have been implemented in the performance assessment model do not necessarily represent the dominant mechanisms of degradation and oxidation of the wasteform. Rather, the models serve as plausible representations to evaluate time-dependent degradation or oxidation of the wasteform for this study.
In the conceptual model, there are three regions in the wasteform: intact, oxidized, and degraded. The predicted release of radionuclides from each region of waste is affected by the modeled physical and chemical properties of the waste in each region. The actual degraded wasteform may have an extremely complicated collection of units of intact material with variable volumes and shapes. The potentially complicated geometry was simplified into three connected cells spanning the length of the facility: one for each of the intact, oxidized, and degraded regions. The wasteform was assumed to be broken into a series of blocks by fractures extending through the wasteform. Therefore, the results from the three cells were scaled up to represent the total number of blocks in the system based on the total length of the facility and the assigned fracture spacing. Infiltrating water flows through the fractures were estimated from the unsaturated hydraulic conductivity as a function of the fracture aperture and the volumetric water content. Typically, the amount of water flowing through the fracture relative to the wasteform results in a near zero concentration boundary condition at the exposed side of the wasteform. The dimensions of the blocks in the model were determined by the physical dimensions of the system (8 m high by 30 m thick) and the user-defined stochastic fracture spacing distribution. Half of a degrading block was represented in the model and the results were extrapolated to the whole block by invoking a symmetry argument from the midpoint of a block [ Figure 1 , item (3)]. Diffusive transport between the three regions of the wasteform and from the wasteform to the surrounding vault or connected fractures was represented in the model. In the conceptual model, the total water flow through the degraded fraction of the waste depends on two conditions: if water flowing into the intact fraction exceeds the capacity of that fraction to transmit water; if water flowing into the intact and oxidized fractions of the waste exceeds the capacity of those fractions to transmit water. Any additional flow is made available to the planar fractures that bound the side of the cell network next to the degraded region of the wasteform. Although each fracture does have finite capacity, for the fractures considered in this analysis the saturated hydraulic conductivity was sufficient to transmit the remaining flow. In summary, advective flow through the intact, oxidized, and degraded fractions is based on the assumption that water will flow through the waste vertically. The amount of flow predicted to occur through each type of waste is calculated based on the horizontal surface area of the type of waste (i.e., intact, oxidized, or degraded) and the hydraulic conductivity for the type of waste.
Oxidized waste is waste in which oxygen from groundwater diffuses into the waste and consumes the reducing capacity of the wasteform. In the oxidized fraction of the waste, the sorption coefficient of technetium is much lower (i.e., 1 mL/g) than it is in the reducing fraction of the waste (i.e., 500 mL/g). As previously discussed, oxidation is modeled based on a shrinking core model [2, 3, 4] . Oxidation is modeled to occur from each exposed surface of the waste, including the surfaces of fractures. The depth to which the waste is predicted to oxidize is limited by the diffusion of oxygen through water into the wasteform.
III RESULTS
The evaluation defined distinct scenarios to illustrate system performance, and to illustrate the impact of key uncertainties and practical considerations. The first scenario evaluated was an idealized case (identified as A001) where the key parameters are provided in Table I . This case represents a system assigned idealized homogeneous properties estimated from laboratory measurements of small-scale samples. The assumptions are very limited oxidation or degradation for the wasteform as well as low infiltration to the vault. The hydraulic properties of the vault and wasteform determine how much solution flows through the waste. Table II provides the results and the Table II were the peak of the mean result for each case for both radionuclides. Uncertainty analysis was performed on the results from select cases using a genetic variable selection algorithm that has been discussed previously [4] . The results of the analysis are discussed in the next section.
IV DISCUSSION
A variety of cases were simulated to develop risk insights into the performance of near-surface waste disposal facilities utilizing cementitious materials. Idealized representations of waste disposal facilities are needed to understand the optimum performance of the system. However, starting the design process from the optimum point can result in less than optimal and possibly even unfavorable results with respect to long-term performance. As discussed above, the first case evaluated (A001) was an idealized case used as a benchmark to illustrate the relative change for the additional analyses. In Case A001, there is very little flow through the wasteform, no fracturing, minimal degradation, and therefore very good performance. Waste form development, in many cases, is focused on achieving the best matrix possible, where 'best' is defined by the lowest permeability matrix determined with small-scale laboratory samples using surrogate samples. If the best matrix also resulted in a material that was easily implemented in the field, did not fracture or experience shrinkage, and did not degrade, the waste form development approach would be successful. However, many engineered materials including cements, can have properties in the field that differ significantly from those achieved in the lab, and may experience fracturing, shrinkage, and degradation [5] .
Case A002 differs from A001 only in the waste matrix properties. The resultant ratios of Tc and Ra to Case A001 are 3 and 40, respectively. Case A003 consists of fractures with a nominal spacing of 10 m. Case A003 has a larger peak Tc dose relative to Case A002 but a smaller increase for the Ra dose. The introduction of fractures results in a shorter diffusive path length and more exposed surface area per unit volume of material. If the radionuclide is not strongly sorbed, or has limited solubility, the additional exposed surface area and shorter transport length results in a comparable increase in release. A material that experiences moderate cracking or shrinkage can have less favorable performance, even with ideal matrix properties, than a material designed to have very limited cracking or shrinkage but less than optimum matrix hydraulic properties. Diffusion can be a dominant transport mechanism when water flow rates are low. In all the simulations presented here, diffusion contributed significantly to release (e.g. diffusion to regions where water flow was concentrated).
Case A004 provides for a small amount of degradation and oxidation of the wasteform over 10,000 years. Tc releases are impacted because Tc is much more easily released when in an oxidized form compared to reduced forms. However, because the wasteform is not assumed to be fractured in this case, the amount of waste degraded is small relative to the volume of waste (~1.4%) and therefore the Ra release is relatively unaffected. As shown in Case A006, degradation and oxidation can be much more significant if the geometry and surface area of the waste is different (even when the basic rate of degradation or oxidation front propagation is the same). The presence of fractures increases the amount of waste degraded or oxidized over 10,000 years to approximately 10% by volume.
Case A005 is interesting because the result is not intuitive. Case A005 is a combination of field properties for the matrix and the presence of a moderate amount of fracturing. Whereas the release of Ra is higher in the combined case, the release of Tc is lower than either of the results for Cases A002 and A003. This result is driven by the competition between advection and diffusion to release material from different zones or regions on the wasteform model. Because advection and diffusion can have different effective response times as to when a peak release may occur, it may not be intuitive what would constitute a conservative choice for wasteform release modeling or even for wasteform design. Representations or designs that spread releases temporally and spatially result in lower risk.
Cases A006 and A007 were designed to illustrate the combined effect of processes or uncertainties under two different states of the overall system. Case A006 has matrix properties representative of field materials, fracturing, and degradation for a system with relatively low infiltration rate (3 to 4 mm/yr) which may be representative of a system located in an arid or semi-arid climate. Case A007 is identical to Case A006 except the infiltration rate was increased to a range more representative of a humid climate (10-15 cm/yr). In each case, the combined effect of the uncertainties is significantly larger than any individual uncertainty. Case A007 demonstrates a strong sensitivity to water flow, though the impact is much larger for Ra than for Tc. When Tc is in the oxidized or degraded zones of the wasteform, it is highly soluble and relatively non-sorbing. Whereas Ra is still moderately sorbing and, therefore, releases of it are more strongly influenced by the overall availability of water to the wasteform.
In addition to evaluating the wasteform uncertainties, a few cases were developed to perform a similar analysis for a resistive barrier (e.g. vault). Case B001 is used to represent an ideal vault. In this case the waste is not assumed to be bound in a robust matrix; the source term is placed in a media with hydraulic and sorption properties similar to sand. The hydraulic and diffusive properties of the vault limit the release of waste. Case B002 consisted of hydraulic properties for the vault that were representative of field-emplaced properties reflecting inadequate quality assurance (e.g. 10x increase). The ratio for Tc was 9 and the ratio for Ra was 10, respectively. Case B003 represented a fractured vault, where flow can bypass a portion of the matrix of the vault floor. The ratio for Tc was 260 and the ratio for Ra was 70, respectively. For a resistive type barrier, having high confidence in the future integrity of the barrier is more important than optimizing the resistivity of the barrier.
Uncertainty analysis was performed on select cases to illustrate how it can be used to compliment case-or scenario-based evaluation of key uncertainties and to confirm interpretation of the results from individual cases. Uncertainty analysis of the model output was performed using neural network software developed by Neuralware [6] . Neuralworks Predict is an add-in to Microsoft Excel that can be used to build neural networks. The approach used in this analysis was to export the sampled stochastic input variables along with the pertinent output variable (e.g., dose for a particular radionuclide at a particular time) from the model to Excel. To build the network, the software uses genetic algorithms to search for synergistic sets of input variables that are good predictors of the output. The software also can perform a pre-selection of variables using a cascaded genetic algorithm approach. This method gives more consistent variable sets by pruning out variables which are consistently rejected by different invocations of the genetic algorithm. U.S. Nuclear Regulatory Commission (NRC) experience with applying this technique for uncertainty analysis suggests it is quite powerful at identifying key input variables while eliminating spurious correlations, a common problem with large data sets of many input variables.
The uncertainty analysis for Case A003 identified three primary variables driving the variance in the output of the Tc dose: fracture width (used to calculate flow through the fractures), hydraulic conductivity of the intact grout, and the groundwater flow rate (primarily influences the amount of dilution prior to ingestion by a receptor). The uncertainty analysis for Case A006 identified five primary variables driving the variance in the output of the Tc dose: the fracture width and groundwater flow rate as in Case A003, the parameter Nm used in the degradation rate calculation, the intact grout hydraulic conductivity, and the degraded grout hydraulic conductivity. With the exception of the groundwater flow rate, these variables all relate directly to the release of Tc from the wasteform. By comparison, different variables had the most influence on the Ra dose for Case A006: infiltration rate, fracture width, groundwater flow rate, distribution coefficient for Ra in the unsaturated zone, and the distribution coefficient for Ra in the degraded region of the waste. The key variables for Ra tend to be those that influence the timing of the Ra dose because the peak Ra dose was at the end of the simulation period (10 000 years). In the case of a resistive barrier (B002), the uncertainty analysis identified the hydraulic conductivity of the vault floor, the groundwater flow rate, and the partition coefficient of Tc in the waste as the key variables. Even a small amount of sorption in the waste can be important when resistive barriers are used.
-CONCLUSIONS
A variety of risk insights were derived from the assessment of select cementitious barriers used in waste disposal applications:
• The best designs for long-term performance will be developed by considering both uncertainties and the influence of the system on the barriers.
• Uncertainties and coupling of processes can result in non-intuitive results with respect to barrier performance.
• Conservative modeling choices may be difficult to identify without performing modeling to evaluate each choice.
• Though most attention is placed on advection, diffusive processes (especially for degraded materials) can have equal or greater importance with respect to long-term performance.
